Quantum Physics of Ultracold Atoms by Bohn, John
University of Colorado, Boulder
CU Scholar
Science Boot Camp for Librarians – West University Libraries
Spring 5-1-2013
Quantum Physics of Ultracold Atoms
John Bohn
University of Colorado Boulder
Follow this and additional works at: http://scholar.colorado.edu/sciboot
This Article is brought to you for free and open access by University Libraries at CU Scholar. It has been accepted for inclusion in Science Boot Camp
for Librarians – West by an authorized administrator of CU Scholar. For more information, please contact cuscholaradmin@colorado.edu.
Recommended Citation
Bohn, John, "Quantum Physics of Ultracold Atoms" (2013). Science Boot Camp for Librarians – West. 2.
http://scholar.colorado.edu/sciboot/2
Quantum Physics of 
Ultracold Atoms 
John Bohn, JILA 
University of Colorado 
Atoms and Light 
• Atoms, c. 1925 
– Invention of quantum mechanics 
 
• Lasers, c. 1960 
– More detailed probes of inner workings 
 
 
• Manipulation of atomic motion, c. 1990 
– Engineered matter 
– Properties of many atoms moving at once 
Why ultracold? 
New phenomena emerge at extreme temperatures 
How Cold is Ultracold? 
A power-of-ten thermometer, 
marked in degrees Kelvin. 
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T= 0.0000001 K !  (100 nK) 
ultracold 
very cold indeed 
Superfluid helium: c. 1938 
• Occurs at low temperature (2 K) 
• If it rotates in a bucket, it will keep rotating for a very long time. 
 
In water, the vortex will go 
away due to viscous friction. 
Not so in a superfluid. 
U. Maryland 
Superconductivity: c. 1911 
• Electricity can flow without loss (i.e., for a very long time) 
• Magnetic fields do not penetrate a superconductor 
 
 
 
 
 
• Occurs at low temperatures 
Say 1K for a lot of metals 
50-100 K for carefully crafted materials 
 
Low temperature physics 
• Both supercoductivity and superfluidity occur at low 
temperature, are related to quantum mechanics.   
 
• Atoms or electrons move as waves, not particles. 
 
• But how?  General ideas are in place, but details are 
a killer. 
Superfluid helium 
Atoms are really packed in there! 
Motion can become “correlated.” 
Correlations 
When one body moves, 
it affects other bodies. 
 
To understand this, you 
need to keep track of 
all of them at once! 
Electrons in crystals 
Electrons must pass 
through complicated 
things. 
 
What if the thing is broken 
somewhere? 
 
What if the electrons push 
on each other? 
 
This is hard! 
You would like to start 
with something easier. 
Ultracold Atoms 
• Quantum mechanical, if cold enough 
 
• Dilute --  correlations are weak 
– Remain a gas at absolute zero! 
 
• Easy to control very precisely 
– Laser light cools the atoms down 
– Laser light holds them in place 
– Magnetic fields control how hard the atoms bounce off one another 
(interactions) 
 
 
 
 
 
Laser cooling 
• Expect that things heat up when you shine 
light at them 
 
 
 
 
• So what gives? 
Absorption of light 
A stationary atom                              absorbs light of only a particular color 
It does not absorb this light. 
Light carries momentum 
But if the atom is moving,  this red light 
Appears blue to the atom!  The moving atom absorbs the light and slows down. 
Light also applies forces 
Here is light reflecting back and forth between two mirrors. 
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Atoms are repelled from 
bright light, attracted to 
dimmer light 
Atoms move on 
a landscape of 
hills and valleys. 
A gas of atoms 
Speed            Temperature 
Room temperature atoms 
move quickly! 
A ultracold gas of atoms 
0.0000001 degrees Kelvin ! 
Cold atoms move very slowly! 
 An actual cold atom experiment 
Jin group, JILA 
Atoms in a trap 
At “hot” temperature (1 millionth of a degree above 
absolute zero) atoms bounce around all over the place. 
Atoms in a trap 
At 100 billionths of a degree above absolute zero, all atoms coalesce 
into a single quantum droplet: a Bose-Einstein condensate. 
Inability to localize an atom is related to the 
Heisenberg uncertainty principle. 
Atoms in a trap 
The BEC is far too small to see directly.  So, you let it go and take a 
picture after it expands. 
1 mm 
Pictures of the expanded gas 
“Hot gas” – atoms expand way out 
Bose-Einstein condensation: 
atoms remain where they 
are, they are so slow.   
Cornell/Wieman, JILA 
Remarks on BEC 
• The gas typically has a density 1013 /cm3, a million times less 
dense than air  
– Yet it has structure! More dense in the middle than at the 
edges 
• All atoms are in the same “quantum mechanical state” 
– It’s less like a bunch of atoms than a single drop of “stuff”. 
 
Vortices  
Shine a laser into the BEC, 
It pokes a little hole in there. 
Now give the laser 
a stir. 
Vortices 
Ketterle group, MIT 
The resulting BEC 
is full of holes! 
 
They do not fill in, 
like holes in air or 
water would. 
Mott insulators 
Atomic motion is affected by 
 bumps in the optical lattice 
 running into other atoms 
Mott insulators 
Suppose the atoms 
move around in a two-
dimensional lattice. 
 
Maybe they are free to 
roam, but still feel the 
light bumping under 
them. 
 
Or, maybe they are stuck 
in place; it depends on 
how bright the light is. 
Mott insulators 
Greiner group, Harvard 
Stuck atoms behave 
independently, like a bunch 
of BECs. 
Moving atoms show 
even more structure; 
they know about the 
shape of the light 
underneath them. 
Interactions 
Without quantum mechanics,                                                    
two atoms hit each other                                or they don’t. 
But in quantum mechanics, diffraction can make the effective size 
of atoms larger. 
Fano-Feshbach resonances 
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B (Gauss)
Atoms are about 0.1 nm 
in diameter. 
Depending on a magnetic 
field, they can act is if 
they are: 
 
Effectively very large (hit 
each other harder) 
 
Or effectively small (hit 
each other more softly). 
Jin group. JILA 
50 nm 
0.5 nm 
Superconductor      vs                  BEC               
Electron moves through 
difficult-to-understand 
lattice of atoms. 
Atoms move through 
perfectly well-described 
lattice of light. 
Superconductor      vs                  BEC               
This lattice could be 
broken or imperfect. 
The optical lattice has only 
the imperfections you build 
into it. 
Superconductor      vs                  BEC               
Electrons in the lattice 
interact in complicated, 
maybe untractable 
ways. 
Interactions are set by the 
magnetic field. 
Superconductor      vs                  BEC               
You get whatever you get 
by mixing stuff together. 
You get whatever you can 
dream up. 
Looking ahead 
• New, custom-built “materials,” made of  
– Atoms 
– Light 
– But also, magnetic fields, molecules 
 
• Essentially perfect 
• Completely controllable 
• May lead to a deep understanding of more realistic materials, 
technologies 
• Fundamental physics – interactions of many atoms at once. 
